The seasonal abundance of Vibrio parahaemolyticus in oysters from two estuaries along the southwest coast of India was studied by colony hybridization using nonradioactive labeled oligonucleotide probes. The density of total V. parahaemolyticus bacteria was determined using a probe binding to the tlh (thermolabile hemolysin) gene, and the density of pathogenic V. parahaemolyticus bacteria was determined by using a probe binding to the tdh (thermostable direct hemolysin) gene. Furthermore, the prevalence of V. parahaemolyticus was studied by PCR amplification of the toxR, tdh, and trh genes. PCR was performed directly with oyster homogenates and also following enrichment in alkaline peptone water for 6 and 18 h. V. parahaemolyticus was detected in 93.87% of the samples, and the densities ranged from <10 to 10 4 organisms per g. Pathogenic V. parahaemolyticus could be detected in 5 of 49 samples (10.2%) by colony hybridization using the tdh probe and in 3 of 49 samples (6.1%) by PCR. Isolates from one of the samples belonged to the pandemic serotype O3:K6. Twenty-nine of the 49 samples analyzed (59.3%) were positive as determined by PCR for the presence of the trh gene in the enrichment broth media. trh-positive V. parahaemolyticus was frequently found in oysters from India.
Vibrio parahaemolyticus is a halophilic bacterium that occurs in estuarine environments worldwide (5, 13, 14, 16, 18, 19) . This organism was first discovered in Japan in 1950 in association with a food poisoning case (9) . V. parahaemolyticus infection can cause gastroenteritis in humans, and the illness is most frequently associated with the consumption of raw or undercooked seafood and seafood recontaminated with the bacterium after cooking (31) . V. parahaemolyticus accounts for about 70% of the gastroenteritis associated with seafood in Japan (14) , and in India about 10% of the cases of gastroenteritis in patients admitted to the Infectious Diseases Hospital in Kolkata are due to V. parahaemolyticus (3) . However, not all strains of V. parahaemolyticus are pathogenic. It has been demonstrated that the Kanagawa phenomenon, a beta-hemolysis in high-salt blood agar (Wagatsuma agar), is associated with most clinical strains but with very few environmental strains (32, 38) . The hemolysis is due to the production of a thermostable direct hemolysin (TDH) (30) . A TDH-related hemolysin (TRH) produced by a Kanagawa phenomenon-negative strain was discovered during investigation of an outbreak of gastroenteritis in the Maldives Islands in 1985 (10, 11) . TDH and TRH, encoded by the tdh and trh genes, respectively, are considered major virulence factors in V. parahaemolyticus (31) . It has been reported that more than 90% of clinical isolates but less than 1% of environmental isolates produce TDH (7, 22, 33) . In recent years, the incidence of V. parahaemolyticus infection has been increasing in many parts of the world, and this has been attributed to the emergence of a new clone of the O3:K6 serotype carrying only the tdh gene (24) . Although various serovars of the bacterium can cause infections, O3:K6 has been recognized as the predominant serovar responsible for most outbreaks worldwide since 1996 (24) .
The ecology of V. parahaemolyticus has been studied mainly in temperate waters. The U. S. Food and Drug Administration (FDA) bacteriological manual (8) recommends the most-probable-number (MPN) method for enumeration of V. parahaemolyticus from food and water, but this method is cumbersome and the recovery of the organism is low (4). Detection of pathogenic V. parahaemolyticus is traditionally done by the Wagatsuma agar test for the Kanagawa reaction, which requires fresh human or rabbit blood and tends to give falsepositive reactions (M. Nishibuchi, personal communication). There is no phenotypic test for TRH. In recent years, a number of researchers have drawn attention to the need for more sensitive and rapid techniques using molecular approaches for detection of V. parahaemolyticus in clinical samples, as well as in seafood. PCR-based methods that amplify regulatory toxR sequences (22) , conserved sequences such as gyrB (34), conserved chromosomal sequences (16, 17, 23) , and hemolysin sequences such as tdh (7, 20, 28, 32) , trh (32), or tlh (thermolabile hemolysin) (2) have been used by various workers. Enumeration of V. parahaemolyticus from seafood are important in the context of current FDA guidelines which indicate that shellfish should contain less than 10,000 V. parahaemolyticus cells per g (25) . Enumeration using radioactive DNA probes as well as nonradioactive DNA probes in colony hybridization have been described (25, 29, 37) . DePaola et al. (6) determined the seasonal abundance of total and pathogenic V. parahaemolyticus bacteria in Alabama oysters using a colony hybridization technique. However, there are no quantitative data on total and pathogenic V. parahaemolyticus bacteria in tropical oysters. The present study was carried out to determine the abundance of total (tlh ϩ ) and pathogenic (tdh ϩ ) V. parahaemolyticus bacteria in oysters from two estuaries along the southwest
RESULTS

Enumeration of V. parahaemolyticus by colony hybridization.
The levels of total (tlh ϩ ) and pathogenic (tdh ϩ ) V. parahaemolyticus bacteria in oysters in two estuaries along the southwest coast of India between January and December 2002 are shown in Tables 1 and 2 . Overall, in the two estuaries, the average counts of V. parahaemolyticus ranged from 10 1 to 10 4 CFU/g. V. parahaemolyticus could be detected in 46 (93.8%) of the 49 samples collected from the two sites by the alkaline phosphatase-labeled oligonucleotide probe for tlh. The average level of V. parahaemolyticus in the oyster samples from site 1 was 5.4 ϫ 10 3 CFU/g (Table 1 ). This is higher than the average level for site 2 (2.7 ϫ 10 3 CFU/g) ( Table 2 ). The level of the organism was monitored in the seawater at the two sampling sites, and the values varied between 6 ϫ 10 1 and Ͻ1 ϫ 10 1 CFU/ml (data not shown). Pathogenic V. parahaemolyticus bacteria could be detected in five samples (10.2%) of oysters from the two estuaries by colony hybridization using the alkaline phosphataselabeled oligonucleotide probe for tdh. As shown in Table 1 , one sample from site 1 obtained during February and one sample from site 1 obtained during September were positive for pathogenic V. parahaemolyticus, and the levels were 3.5 ϫ 10 1 and 1.3 ϫ 10 2 CFU/g, respectively. For site 2, pathogenic V. parahaemolyticus was detected in three samples, two collected during June and one collected in September, and the levels ranged from 2 ϫ 10 1 to 4 ϫ 10 1 CFU/g ( Table 2 ). The tdhpositive isolates detected by hybridization were tested for the presence of the trh gene by PCR. None of the tdh gene-positive isolates possessed the trh gene.
GS-PCR was performed for the isolates obtained from the tdh probe-positive sample, as well as the APW enrichment lysates of this sample collected in June from site 2. The sample was positive as determined by GS-PCR, and it also yielded GS-PCR-positive V. parahaemolyticus. The strains isolated from this sample were later serotyped and confirmed to be O3:K6 pandemic clones of V. parahaemolyticus. The total V. parahaemolyticus counts were compared with environmental factors, such as water temperature, salinity, and the fecal coliform count. The surface water temperature at all stations recorded from January to December 2000 was between 35°C and 25°C. The average temperatures at site 1 and site 2 were 29.6°C and 28.8°C, respectively. The salinity of the surface water varied from 31 ppt to 0.76 ppt, and the average salinities were 19.6 ppt at site 1 and 14.8 ppt at site 2.
Water temperature and salinity did not significantly influence the total V. parahaemolyticus counts (P Ͻ 0.05). The abundance of total V. parahaemolyticus bacteria at the two sites did not correlate with water temperature (for site 1, r ϭ 0.16; for site 2, r ϭ 0.31). Similarly, there was no significant correlation between salinity and total V. parahaemolyticus counts (for site 1, r ϭ 0.13; for site 2, r ϭ 0.38). From the available data R 2 values of 0.39 and 0.16 were determined, indicating that 39% and 16% of the total V. parahaemolyticus density was attributed only to the difference in the water temperature and salinity. The fecal coliform counts were uniformly high throughout the year, and no correlation was observed between tdh-positive V. parahaemolyticus and the presence of fecal coliforms (r ϭ 0.13).
Detection of V. parahaemolyticus in enrichment broth by PCR. PCR were performed with lysates prepared from oyster homogenates at zero time (without enrichment) and from homogenates enriched in APW for 6 h and 18 h. Primers specific for the toxR, tdh, and trh genes of V. parahaemolyticus were used in this study. V. parahaemolyticus was detected in 93.8% (46 of 49) of the samples after 18 h of enrichment by toxRprimed PCR. In 6.1% (3 of 49) of the samples, the tdh gene could be detected in zero-time samples (without enrichment), while the tdh gene could be detected after 6 and 18 h of enrichment in only 2.04% (1 of 49) of the samples. Fifty-nine percent (29 of 49) of the samples were positive for the trh gene after 18 h of enrichment (Table 3 ). The prevalence of trh gene-positive V. parahaemolyticus at the two sites was 60.7% for site 1 and 57.1% for site 2 ( Table 3 ). As indicated in Table  3 , the percentage of samples positive for trh increased with enrichment time.
Detection of V. parahaemolyticus by conventional methods. The 18-h oyster enrichment broth media were streaked on TCBS agar and incubated at 37°C for 24 h. Five typical green colonies were picked and subjected to a battery of biochemical tests to confirm the presence of V. parahaemolyticus. V. parahaemolyticus could be detected in 45 of 49 samples by the conventional method. Biochemically identified samples were further confirmed to be V. parahaemolyticus by toxR PCR. It was interesting that all 225 colonies picked from these samples were negative for the tdh gene by PCR. V. parahaemolyticus is one of the major seafood-borne gastroenteritis-causing bacteria and is frequently associated with the consumption of improperly cooked seafood. Oysters have been reported to concentrate Vibrio spp. 100-fold compared with the amount found in the surrounding water through filtration (6) . In this study, the level of the organism in oysters was examined by using alkaline phosphatase-labeled probes. Under the conditions of the assay (filters containing colonies from a 1:10 dilution), the minimum detectable limit was 10 2 CFU/g oyster meat. In 98.5% of the samples V. parahaemolyticus could be detected throughout the year (Tables 1 and 2 ). This is in contrast to temperate waters, in which the V. parahaemolyticus levels during the winter (December to March) are less than 100 bacteria/g and the organism is detected only after enrichment (6) . In this study, the levels of V. parahaemolyticus were high during the dry season between January and May (peak levels, 6.7 ϫ 10 4 CFU/g at site 1 and 3.1 ϫ 10 4 CFU/g at site 2) and decreased during the postmonsoon months (2 ϫ 10 2 CFU/g at site 1 and Ͻ1 ϫ 10 2 CFU/g at site 2). In tropical countries the seasonal cycle of the organism is correlated with the rainy and dry seasons; the lowest numbers are found in rainy months, and the highest numbers are found in the dry season (27) . Our observations suggest a similar trend. At sites 1 and 2 the highest counts were recorded during the premonsoon months. From May to June, levels of 10 4 CFU/g were recorded for both estuaries. The average salinities during this period were 19.6 ppt and 14.8 ppt for site 1 and site 2, respectively (Tables 1 and 2 ). The temperatures ranged between 34 and 24°C during the sampling period. This study indicates that the level of V. parahaemolyticus in oysters in this region is around 10 3 CFU/g. The levels of V. parahaemolyticus crossed the hazardous limit of 10 4 bacteria per g at site 1 during May, when the temperature was 32°C and the salinity was 26.2 ppt, and in September and October, when the temperature was 26 to 29°C and the salinity was 9 to 11.3 ppt. At site 2, similar levels were recorded only once in the premonsoon month of May, when the temperature and salinity recorded were 31°C and 23.6 ppt, respectively.
Risk assessment of V. parahaemolyticus in seafood requires quantitative data on the organism, particularly the pathogenic strains. The FDA Bacteriological Analytical Manual MPN method (8) is most frequently used to enumerate V. parahaemolyticus in foods. In this MPN method biochemical techniques are used to identify isolates, and the method is timeconsuming and labor-intensive. A colony hybridization procedure using alkaline phosphatase-labeled tlh and tdh probes is described in the FDA Bacteriological Analytical Manual (8) . Nonradioactive labeled probes are sensitive and have the advantage of universal application, unlike radiolabeled probes. This study shows that colony hybridization could be a very useful method for enumeration of both total and pathogenic V. parahaemolyticus bacteria in tropical oysters.
Temperature has been found to be a major factor in both the seasonal and geographical distribution of V. parahaemolyticus in shellfish-growing areas of the temperate region (15, 21) . DePaola et al. (6) noted that in Alabama oysters, the V. parahaemolyticus levels were Ͻ100 CFU/g during December to March. This study showed that in tropical waters the temperature fluctuates less throughout the year, while the salinity fluctuates more. V. parahaemolyticus was reported previously to be sensitive to salinities associated with freshwater (24), but Horie et al. (12) observed significantly high levels of V. parahaemolyticus (1.5 ϫ 10 5 CFU/liter at salinities as low as 5 ppt). Hence, it is clear that low salinity per se is not necessarily detrimental to V. parahaemolyticus but may favor growth and survival if the water is rich in organic matter. This study showed that in tropical waters V. parahaemolyticus density does not seem to be correlated with temperature. Therefore, the linear regression model suggested by DePaola et al. (6) to predict the level of V. parahaemolyticus in oysters based on temperature and salinity data does not seem to be applicable to tropical oysters. Sewage and industrial drainage have been reported by several workers to affect the incidence of V. parahaemolyticus, and correlation with fecal coliforms has been suggested (36) . However, no discernible correlation between fecal coliform counts and V. parahaemolyticus counts was noted for either of the two stations sampled in this study.
V. parahaemolyticus positive for the tdh gene could be detected in 5 of 49 samples (10.2%) using the tdh probe in colony hybridization (Tables 1 and 2 ). Previous studies indicated that only 1 to 2% of the environmental strains produce TDH or contain the tdh gene (5, 20) . However, the recent study of DePaola et al. (6) indicated a higher prevalence (12.8%) of tdh-positive V. parahaemolyticus in Alabama oysters as determined by direct plating. The prevalence observed in our study is similar to this value. In our study fecal coliforms were used as an index of fecal contamination, and attempts were made to see whether there was any correlation between fecal coliform levels and the prevalence of tdh ϩ V. parahaemolyticus. No significant correlation (r ϭ 0.14) was observed. Also, the higher counts of V. parahaemolyticus did not correlate with the presence of tdh-positive V. parahaemolyticus. The occurrence of the tdh gene in the sample was sporadic; at site 1, the samples were positive during February and September, while at site 2, positive samples were obtained during June and September. As determined by GS-PCR, one sample from site 2 belonging to the pandemic serotype, O3:K6, was detected in June. The isolates obtained during other periods were GS-PCR negative. This suggests that both O3:K6 and other serotypes are present in oysters in this region. Infections caused by V. parahaemolyticus are usually associated with diverse serovars. Recently, the incidence of V. parahaemolyticus infection has been increasing in many parts of the world, and this has been attributed to the emergence of a new clone of the O3:K6 serotype carrying only the tdh gene (35) . Infection due to this clone was confirmed in Asian countries first and subsequently in the United States (24) . In this report we document the appearance of the tdh-positive, trh-negative, and urease-negative pandemic clone of V. parahaemolyticus (O3:K6). However, only one of the five samples (20%) possessing the tdh gene was confirmed to be a member of the O3:K6 serovar, and the detection of this gene in June supports the finding that the incidence of O3:K6 is high during June or during the onset of the monsoon season (26) .
The direct plating and colony hybridization technique used in this study has limits of detection of 10 CFU/g for tdh ϩ strains and 100 CFU/g for total V. parahaemolyticus bacteria. samples increased with enrichment, and after 18 h of enrichment, 60.7% of the samples from site 1 and 57.14% of the samples from site 2 were positive as determined by the trh PCR. On the other hand, only one sample from site 1 and two samples from site 2 were positive as determined by the tdh PCR. For site 2, two samples that were positive at zero time (before enrichment) were negative after enrichment. This could have been due to overgrowth of tdh-negative strains during the enrichment. V. parahaemolyticus could be isolated from 45 of 49 samples by the conventional method, while the organism could be detected in one additional sample (46 samples) by colony hybridization and PCR, demonstrating the usefulness of the technique for detection of V. parahaemolyticus in oysters. The advantage of PCR over conventional isolation is its ability to distinguish virulent and avirulent strains; it also saves time, and hence molecular methods are valuable in such cases.
